Steroidal glycoalkaloids (SCAs) are undesirable secondary metabolites produced in solanaceous plants including potato,tomato and eggplant. Two tnglycosylated alkaloids, ct-chaconine and a-solanine, occur naturally in potato tubers and can accumulate to excessive levels due to mechanical, environmental, and genetic perturbations. We have identified members of the steroidal-alkaloid glycosyl transferasese ( 
INTRODUCTION
Potatoes (So/an urn tuberosurn) produce bitter compounds called steroidal glycoalkaloids (SGA5) (Gregory, 1984) . SGAs are also found in relatives of the potato, tomato (Lvcopersicon esculenturn) (Zimowski, 1996) , and eggplant (Solanurn melongena) (Paczkowski et al., 1998) . High levels of SGAs are undesirable. When potatoes are exposed to light they turn green and start to accumulate SGAs. High levels can also be caused by bruising, adverse environmental conditions during growth, and during breeding of potatoes for new varieties (Kuc, 1984 , Sinden et al., 1984 .
We have isolated and characterized three steroidal-alkaloid glycosyltransferase (Sgt) genes involved in the biosynthesis of SGAs (Fig. 1) . The first gene isolated was SgtI (Moehs et al., 1997) . Originally believed to encode the UDP-glucose:solanidifle glucosyltransferase, the in vitro function of this gene was later determined to be that of the UDP-galactose:solanidine galactosyltransferase (McCue et al., 2005) . Transgenic plants regenerated with antisense transgenes or empty vector controls routinely show stable variations in glycoalkaloid content +1-30% in healthy true to type lines (McCue et al., 2003) that is not attributable to transgene activity.
Using protein sequence homology a second Sgt gene family member was identified and isolated, and the in vivo and in vitro function for Sgt2 identified this gene as that encoding the true UDP-glucose:solanidlne glucosyltransferase (McCue et al., 2006) . A third member of the Sgt gene family has now been characterized and the in vivo function of the Sgt3 gene is that of the rhamnose:13-steroidal glycoalkaloid (-solanineII3-chaconine) rhamnosyl transferase (McCue et al., 2007) .
As part of a program to improve potatoes with biotechnology we are isolating and characterizing the natural potato genes that encode the enzymes responsible for glycosylation in the SGA biosynthetic pathway. By re-introducing the genes into potatoes in an antisense orientation, we can block the sugar addition and alter the accumulation of S(IAs. We have now assigned genes to four of the six steps in theglycosylation of SGA5 in I hese genes are being compared and used to identify genes encoding the additional steps the pathway. The effect on glycoalkaloid accumulation in transgenic plant lines containing active antisense constructs is shown. The effects of wounding on gene expression should serve as a tool for aiding the identification of the remaining gene family members.
MATERIALS AND METHODS
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Plant Materials
Round white potato (Solanuin tuberosurn) cultivars 'Lenape' (Akeley et al., 1968) and Desirée' were used in transgenic experiments. Plants were grown in the glass houses in Albany, California, or Invergowrie, Dundee, Scotland.
Sgi Sequence Identification and Comparison
Novel Sgt sequences were obtained by searching the translated potato EST database with the predicted SGTI protein sequence. Homologous sequences were amplified from a wounded tuber cDNA library as previously described (McCue et al., 2005) . Sequences are compared using the Blast server and by ClustaIW alignment, and Boxshade was used to format aligned sequences.
Steroidal Glycoalkalojd Determinations
Levels of SGAs were quantified from glasshouse-grown 'Lenape.' Freeze-dried material was produced from 'Lenape' and 'Desirée' tubers as described by McCue et al., 2005 and Defernez et at., 2004 . Glycoalkaloid levels were determined by an LC-MS method on a Thermo LCQ-DECA (Hemel Hempstead, UK) LC-MS as previously described (McCue et at., 2006) . Analysis was performed on two extractions from each of three independent minitubers for each line.
Protein Purification and Analysis
Protein was expressed in yeast using pYES (Invitrogen) constructs as previously described (McCue et al., 2005 , McCue et al., 2006 . Protein purification was carried out using the His protein isolation system (Sigma) according to manufacturer's instructions. Purification was assessed via SDS PAGE and staining was done with Coomassie blue. Elution of recombinant proteins was monitored by Western blot analysis using the anti-VS epitope antibody (Invitrogen). Solanidine glycosyl trans ferase assays were carried out as described (McCue et at., 2005) . Products were separated using anion exchange resin (Stapleton et at., 1991) . No activity is reported for reactions with less than twofold the average dpm counts of the blank reactions. Values are the mean of duplicate assays.
RNA Blots
Potato tubers were wounded by cutting and incubated in the dark. Leaves were wounded by crushing 50% of the leaf surface with a hemostat. Wounded and control tissues were frozen in liquid nitrogen, ground, and extracted for RNA as previously described (Verwoerd et al., 1989) . RNA was isolated and fractionated by agarose gel electrophoresis, and transferred to a charged nylon membrane (Roche) (Rickey and Belknap, 1991) . RNA blots were hybridized with random-primed (GE Healthcare), double-stranded probes of the: SgtJ cDNA (Moehs et al., 1997) 
RESULTS AND DISCUSSION
Sgt Sequence Identity and Protein Homology
Sgt2 and Sg13 were identified as the most similar translated sequence matches to the SGT1 protein at 61% and 43% identity respectively. SGT2 and SGT3 are 44% identical. A ClustaIW alignment of the coding regions of SGT1, SGT2 and SGT3 is shown in Fig. 2 , revealing additional homologies across the predicted peptides. The nucleotide sequences for the different Sgt genes show a greater percent identity than the protein sequences, with Sgt2 and Sgt3 being 69% and 58% identical to SgtJ, respectively, and Sgt2 and Sgt3 sharing 58% identity.
Substrate Specificity of SGTI and SGT2
Protein activity was confirmed by in vitro studies on the activity of recombinant SGTI and SGT2 protein with solanaceous SGAs and either UDP-[ 3 H]glucose or IJDP-[3 H]galactose as the sugar donor (Table I) . While the recombinant SGTI is capable of utilizing UDP-glucose as a substrate in vitro, this activity is drastically less than the activity observed with UDP-galactose. Surprisingly the activity with the tomato SGAs is higher than with the native substrate solanidine regardless of the sugar donor. The recombinant SGT2 was readily capable of utilizing UDP-glucose as a substrate in vitro with all three solanaceous aglycones (solanidine, solasodine, and tomatidine) with maximum activity obtained with the potato aglycone solanidine. No activity was observed with UDP-galactose as a substrate for any of the aglycones tested. The threshold for activity was set at twofold the reaction blank.
Steroidal Glycoalkaloid Accumulation
The SGA levels were measured in glass house-grown minitubers from 2005. Fig. 3 shows the levels of component alkaloids a-solanine and a-chaconine in the transgenic Lenape' lines with active antisense Sgt genes, the empty vector pBINPLUS/ARS (pBPA), or Lenape' control lines. The plant lines are sorted by transgene.
Expression of an effective antisense SgtI gene in potato tubers resulted in severely reduced a-solanine accumulation and elevated levels of a-chaconine, resulting in essentially unchanged total SGA levels. This is consistent with the enzymatic data where SGTI is the only enzyme with detectable gal actosyltransferase activity. Flow of carbon into the common precursor of both SGT1 and SGT2 appears to be controlled not by a specific SGA end product but by the total level of cc-SGAs. This is supported by the finding that SGT I activity was partially inhibited in the presence of either u-SGAs (McCue et al., 2005) .
The antisense Sgt2 gene partially inhibits the accumulation of a-chaconine, the least desirable of the two major SGA species with a significant concomitant increase in asolanine accumulation. The incomplete inhibition of a-chaconine accumulation may be explained by the enzymatic data. Although SGT2 has a strict substrate specificity for UDP-glucose as the sugar donor SGT1 does exhibit glucosyltransferase activity. Although there is no significant glucosyltransferase activity with solanidine shown in Table I this activity was observed for SGTI in an earlier study (Moehs et al., 1997) and thus may account for a-chaconine accumulation in the presence of effective antisense Sgr2. The accumulation of more a-solanine than a-chaconine in line 1615 is the opposite of what is normally observed, suggesting a weakly effective antisense transgene causing a significant increase in a-solanine accumulation. However, the level of a-chaconine is not significantly different than controls and this effect was not observed previously or supported by suppression of Sgt2 mRNA (McCue et al., 2006) .
Introduction of the antisense Sg13 gene resulted in a significant decrease in the accumulation of both SGAs that are usually found. Because a single antisense transgene is capable of blocking accumulation of both end products, this suggests that either SGT3 is the only J3-SGA rhamnosyltransferase or that if there are distinct -solanine and 3-chaconine rhamnosyltransferases, that they share sufficient nucleic acid identity to be down-regulated by a single antisense transcript. These results confirmed earlier studies that showed reductions in both ci-solanine and a-chaconine with a resulting accumulation of both -SGA intermediates (McCue et al., 2007) .
Analysis of variance for a-solanine and ci-chaconine indicates that the changes in ci-solanine content for all three antisense lines are significantly different than the controls as are the changes in ci-chaconine content in the Sgtl and Sgt3 lines. There is no significant difference between the empty vector transformed lines and the 'Lenape' controls.
Wound-Induced Expression of the Sgt Gene Family
It is well known that accumulation of glycoalkaloids is subject to a variety of environmental factors including wounding (Sinden et al., 1984) . To examine the effect of wounding on Sgt mRNA abundance, total RNA was extracted from wounded leaves and tubers and probed with SgtI, Sgt2 or Sg13 (Fig. 4) . In tubers the expression pattern is virtually identical for all three Sgt gene family members. Transcript levels in total mRNA from tubers decreases slightly after two hours, increases by 16 hours, subsequently decreasing by 48 hours. In leaves all three genes exhibit different patterns. SgtI does not show an increase in mRNA abundance after wounding. Conversely, Sgt2 and Sgt3 divergent at two hours converge with strong induction at 16 hours.
These genes and information from them will be used to isolate and identify the remaining members of the Sgt gene family to be used in future efforts to modify the accumulation of SGAs in potatoes. 
